Mutations in the dystrophin gene cause Duchenne muscular dystrophy (DMD) most commonly through loss of protein expression. In a small subpopulation of patients, missense mutations can cause DMD, Becker muscular dystrophy, or X-linked cardiomyopathy. Nearly one-half of disease-causing missense mutations are located in actin-binding domain 1 (ABD1) of dystrophin. To test the hypothesis that ABD1 missense mutations cause disease by impairing actin-binding activity, we engineered the K18N, L54R, D165V, A168D, L172H, and Y231N mutations into the full-length dystrophin cDNA and characterized the biochemical properties of each mutant protein. The K18N and L54R mutations are associated with the most severe diseases in humans and each caused a small but significant 4-fold decrease in actin-binding affinity, while the affinities of the other four mutant proteins were not significantly different from WT dystrophin. More interestingly, WT dystrophin was observed to unfold in a single-step, highly cooperative manner. In contrast, all six mutant proteins were significantly more prone to thermal denaturation and aggregation. Our results suggest that missense mutations in ABD1 may all cause loss of dystrophin function via protein instability and aggregation rather than through loss of ligand binding function. However, more severe disease progressions may be due to the combinatorial effects of some mutations on both protein aggregation and impaired actin-binding activity. muscular dystrophy | thermal stability | calponin homology domain
Mutations in the dystrophin gene cause Duchenne muscular dystrophy (DMD) most commonly through loss of protein expression. In a small subpopulation of patients, missense mutations can cause DMD, Becker muscular dystrophy, or X-linked cardiomyopathy. Nearly one-half of disease-causing missense mutations are located in actin-binding domain 1 (ABD1) of dystrophin. To test the hypothesis that ABD1 missense mutations cause disease by impairing actin-binding activity, we engineered the K18N, L54R, D165V, A168D, L172H, and Y231N mutations into the full-length dystrophin cDNA and characterized the biochemical properties of each mutant protein. The K18N and L54R mutations are associated with the most severe diseases in humans and each caused a small but significant 4-fold decrease in actin-binding affinity, while the affinities of the other four mutant proteins were not significantly different from WT dystrophin. More interestingly, WT dystrophin was observed to unfold in a single-step, highly cooperative manner. In contrast, all six mutant proteins were significantly more prone to thermal denaturation and aggregation. Our results suggest that missense mutations in ABD1 may all cause loss of dystrophin function via protein instability and aggregation rather than through loss of ligand binding function. However, more severe disease progressions may be due to the combinatorial effects of some mutations on both protein aggregation and impaired actin-binding activity. muscular dystrophy | thermal stability | calponin homology domain D uchenne muscular dystrophy (DMD) is a severe muscle wasting disease that affects 1∕3;500 males born and is caused by mutations in the dystrophin gene (1 and 2). Dystrophin is a 427 kDa protein that localizes to costameres, large subsarcolemmal protein assemblies that are thought to transmit force radially from the Z-line of the contractile apparatus to neighboring muscle fibers (2-6). At costameres, dystrophin interacts with the cortical actin cytoskeleton, composed primarily of γ-actin and the transmembrane heterodimer dystroglycan (6 and 7) which in turn binds to the extacellular matrix protein laminin (8 and 9) . Through interactions with γ-actin, dystroglycan, and other proteins, dystrophin forms the dystrophin glycoprotein complex (DGC), which establishes a mechanically strong link between the intracellular cortical actin cytoskeleton and the extracellular matrix that provides stability to the fragile sarcolema during muscle contraction (9) (10) (11) . Loss of dystrophin expression destabilizes the DGC, which results in sarcolemmal damage and muscle cell necrosis (9, (11) (12) (13) .
Dystrophin is a large, multidomain protein containing a tandem calponin homology (CH) actin-binding domain (ABD1) at its amino terminus (2 and 9). The largest domain of dystrophin is composed of a series of 24 spectrin-like repeats and four hinge regions that are thought to allow dystrophin to adopt a flexible rod-like architecture (9 and 14) . The rod domain was also shown to contain a second actin-binding site (ABD2) composed of a series of basic spectrin-like repeats that interact electrostatically with acidic actin filaments (15) . The combined actin-binding activities of the amino-terminal tandem CH and central rod domain enable dystrophin to bind laterally along actin filaments with submicro molar affinity (7 and 16) . The carboxyl terminus of dystrophin is a globular domain containing a cysteine-rich domain, a WW domain, a ZZ domain, and two EF hand modules (9, 17, 18) that interact with the cytoplasmic domain of β-dystroglycan as well as other members of the DGC (9) .
Three actin-binding sequences (ABS 1-3, Fig. 1 and Fig. S1 ) within the dystrophin tandem CH domain were initially thought to directly interact with actin filaments (19 and 20) . ABS1 and 2 were identified through analysis of peptide binding to actin filaments using NMR spectroscopy (19 and 20) . ABS3 was proposed based on its homology with actin-binding sequences identified in other tandem CH domain containing proteins (21) . Subsequent studies showed that only the first 90 amino acids of the dystrophin tandem CH domain were critical for actin binding in vitro (22 and 23) while a KTFT (amino acid sequence LysThrPheThr in Dystorphin ABD1) motif in ABS1 proposed to contact actin filaments directly was not required (22) . Most recently, a microgene replacement study demonstrated that an intact tandem CH domain is required to rescue the phenotypes associated with dystrophin-deficiency in the mdx mouse (24) .
While dystrophinopathies are most typically caused by mutations that lead to loss of protein expression or deletion of key ligand binding domains, missense mutations have been identified in a subset of patients (www.dmd.nl). Of the 35 disease-causing missense mutations identified to-date, 17 are located in ABD1 (www.dmd.nl). The first such mutation identified, L54R, is associated with DMD, other mutations in the tandem CH domain cause a less severe disease known as Becker muscular dystrophy (BMD) (25) (26) (27) , while the K18N mutation is associated with X-linked cardiomyopathy (28) . Since almost half of the missense mutations localize to ABD1, we have tested the hypothesis that one or more of these mutations would specifically disrupt the interaction between dystrophin and actin filaments. Using biochemical analysis of full-length recombinant proteins bearing six different missense mutations, we demonstrate that these ABD1 mutations had only modest effects on actin-binding activity. Instead, the most noteworthy biochemical change we observed for every mutation studied was significantly decreased protein stability and solubility. These results suggest that several different single amino acid changes in ABD1 all may cause a loss of function through protein aggregation. dystrophin and its autosomal homolog utrophin. Furthermore, these residues are also conserved from flies to humans (Fig. S1 ), suggesting that they are critical to protein structure and/or function. Consistent with this idea, mutations in the tandem CH domain of ABD1 account for 50% of the known disease-causing missense mutations in the dystrophin gene even though the domain only comprises 6.7% of the dystrophin sequence (Fig. S1) .
Results

Expression
The eight ABD1 missense mutations known at the initiation of this study are associated with myopathies of varying degrees of severity and are either buried in hydrophobic alpha helices or reside on solvent-exposed surface regions of alpha helices ( Fig. 1 A  and B) . To understand how single amino acid changes cause disease in such a large protein, we introduced each mutation into the full-length dystrophin cDNA by site-directed mutagenesis and expressed each protein in Sf9 insect cells using the baculovirus system. Six mutants expressed to high levels and purified as single bands that comigrated with WT dystrophin on SDS-polyacrylamide gels (Fig. 1C) .
Circular Dichroism: To examine the effect of each mutation on the secondary structure of dystrophin, we analyzed WT and mutant proteins using CD spectroscopy. At concentrations between 0.2 and 1 mg∕mL, WT dystrophin displayed CD spectra typical of highly alpha helical proteins (Fig. 2 ). Mutant dystrophin proteins over the same range of concentrations exhibited CD spectra similar to WT protein (Fig. 2) . In order to determine if diseasecausing mutations rendered the protein less stable, we performed a melting point analysis of WT and mutant dystrophin proteins. For WT dystrophin, we observed a sharp two state transition with a melting temperature of 59.6°C (Fig. 2) . Surprisingly, none of the disease-causing mutant proteins exhibited sharp transitions and appeared to unfold in a noncooperative fashion. The linear melting curves of the mutant proteins were consistent for multiple preparations and reproducible at multiple concentrations.
Solubility of dystrophin mutants: To determine whether diseasecausing missense mutations affected the solubility of dystrophin, we measured the fraction of insoluble WT and mutant protein when overexpressed in Sf9 insect cells. While only 5% of WT dystrophin protein was found in the insoluble fraction, K18N, L172H, and Y231N mutations all had more than 25% of the total protein associated with the insoluble fraction of insect cell lysates ( (38) . Gray shaded region denotes proposed actin interacting regions (19 and 20) . Residues marked in red represent disease-causing mutations not located in a proposed actin-binding region. The K18N mutation lies in ABS1 and is orange. (B) Disease phenotype and molecular location of missense mutations studied. DMD, Duchenne muscular dystrophy; BMD, Becker muscular dystrophy; XLCM, and X-linked cardiomyopathy. The molecular location of each mutation was classified as buried in a hydrophobic core or surface exposed based on the location of the residue in the crystal structure of wild-type protein (38) . (C) Coomassie blue-stained SDS-polyacrylamide gels of purified WT and mutant dystrophins. Molecular weight standards are shown on the left. ( Fig. 3A) . In addition to analyzing cell lysates, we measured the solubility of purified WTand mutant dystrophin using high-speed centrifugation. Equal concentrations of WT and mutant protein were spun at 100;000 × g and protein levels determined for the supernatant and pellet. Our previous experiments showed that WT dystrophin was predominantly associated with the soluble supernatant. Therefore, the fraction of WT or mutant protein found in the pellet was considered insoluble or aggregated. For WT dystrophin, less than 15% of the protein was in the insoluble or aggregated fraction ( Fig. S2B and Fig. 3B ). In contrast, the K18N, L54R, A168D, and L172H mutations caused a significant increase in the amount of aggregated protein as compared to WT dystrophin (Fig. 3B) . The fraction of aggregation for the D165Vand Y231N mutants was greater than WT protein, but the difference was not statistically significant (Fig. 3B) . Actin-binding properties of missense mutant dystrophins: Despite the greater insolubility of mutant dystrophins, we were able to purify sufficient protein to characterize their actin-binding properties. We previously measured the affinity of full-length dystrophin for F-actin at 0.2 μM (16 and 29) using an actin cosedimentation assay where the concentration of dystrophin was varied against a constant actin concentration. Since a substantial fraction of each mutant protein self-pelleted under conditions used in the actin-binding assay we varied the concentration of actin (Fig. S3 ) and corrected all binding data by subtracting the amount of self-pelleting dystrophin measured in the absence of actin. When actin cosedimentation assays were performed with increasing concentrations of F-actin and a fixed concentration of 0.5 μM WT dystrophin, we measured a K d value of 0.22 AE 0.081 μM (Fig. 4A) , which is in good agreement with our previous studies (16 and 29) . Surprisingly, D165V, A168D, L172H, and Y231N mutant dystrophins showed no significant differences in F-actin affinity compared with WT protein (Fig. 4D and Fig. S4 ). K18N and L54R mutant dystrophins bound F-actin with affinities of 0.76 AE 0.40 μM and 0.85 AE 0.21 μM for K18N and L54R, respectively (Fig. 4 B and C than and significantly different from WT dystrophin (p ≤ 0.5). Additionally, we observed significant increases in B max values for the binding of L54R, D165V, A168D, and L172H mutants to F-actin.
Dystrophin binds laterally along actin filaments with a stoichiometry of 1 dystrophin per 24 actin monomers and protects actin filaments from forced depolymerization in vitro (16 and 30) . At dystrophin:actin molar ratios of 1∶12 and 1∶24, we found that WT dystrophin and all mutants slowed pyrene-labeled actin filaments from forced depolymerization with similar efficacies (Fig. 5 A and B) . Finally, dystrophin binding to actin filaments is inhibited by increasing salt concentrations, predominantly due to the disruption of the electrostatic interaction between ABD2 and actin filaments (15 and 16). We reasoned that the effects of mutations in ABD1 may render the full-length protein even more sensitive to increasing ionic concentration. To correct for the small differences between WT and mutant dystrophins in binding affinity, experiments were performed at a fixed concentration of 0.5 μM WTor mutant dystrophin and concentrations of actin corresponding to each protein's measured K d . We found that binding of mutant dystrophin to actin filaments with increasing salt concentration (up to 700 mM) followed the same trend as WT, suggesting that the mutations did not affect the electrostatic binding component of dystrophin (Fig. 5C) .
Discussion
Genetic studies have demonstrated that a disproportionately high percentage of disease-causing missense mutations are located in ABD1 of dystrophin (www.dmd.nl). Based on the crystal structure of ABD1, Norwood et al., predicted that disease-causing missense mutations would greatly destabilize ABD1 and disrupt folding (31) . Our results demonstrate that the actin-binding activity of dystrophin is remarkably robust as six different ABD1 mutations only modestly decreased actin-binding affinity. More interestingly, we observed significantly more aggregation of the mutant dystrophins compared to WT protein. Mutant dystrophin protein formed large aggregates which pelleted when centrifuged at 100;000 × g and were found in insoluble cellular extracts (Fig. 3) . Additionally, the L54R, D165V, A168D, and Y231N mutants showed significantly higher B max values than WT protein in actin cosedimentation assays (Fig. 4) . The increased Bmax values may be due to the formation of microaggregates that did not pellet at 100;000 × g but cosedimented with actin filaments. Previously, two microdystrophin constructs deleted for either CH1 or CH2 showed a greater propensity to form aggregates when expressed in dystrophin-deficient mdx muscle (24) . While cellular localization studies on patient specimens bearing missense mutations are rare, immunofluorescence microscopic analysis of dystrophin localization in a biopsy from the original L54R DMD patient revealed the presence of increased cytoplasmic staining with bright puncta (25) . Our results extend these previous studies by showing that six different single amino acid changes in ABD1 can dramatically induce aggregation in vitro.
Recently a study from Legardinier et al. (32) reported on the effects of two disease-causing missense mutations in a recombinant protein fragment encoding spectrin-like repeat 23 of dystrophin. Distinct from the effects of ABD1 mutations on full-length dystrophin, the mutant spectrin-like repeat fragments remained fully soluble in vitro. While mutations in the isolated spectrin-like repeat resulted in decreased thermal stability, the sharp transition from folded to denatured was primarily left-shifted compared to WT (32) . In contrast, we found that ABD1 mutants of full-length dystrophin yielded CD spectra similar to WT dystrophin at room temperature, but all mutations in ABD1 abolished the sharp transition at approximately 60°C and mutant proteins unfolded in a linear fashion as a function of increasing temperature. In order for a protein to undergo a cooperative unfolding transition, the protein must be in a compact, well-folded state. A broad or noncooperative unfolding, as seen for mutated dystrophin proteins, suggests that the protein sample is loosely folded or exists in numerous folded states. The mutated residue may disrupt the compact fold of the amino-terminal CH domain or the mutation may cause the domain to adopt multiple folding conformations. Our results suggest that disease-causing missense mutations in ABD1 of dystrophin lead to dramatic destabilization of the full-length dystrophin protein.
While 35 missense mutations and their corresponding disease phenotypes have been cataloged for the dystrophin gene, much less information is available on the tissue expression levels associated with each mutation. The L54R mutant protein was measured at 20% of normal dystrophin levels (25) . A more recent study by Hamed et al. (26) reported that the L172H and R82P mutations reduced protein levels by Western blot to 20% and 50% of normal levels, respectively. Based on studies in transgenic mdx mice, 20% of WT dystrophin protein levels is sufficient to rescue the dystrophic phenotype (33) . Our data on the L54R and L172H mutations suggest that both mutations cause the full-length protein to be markedly less soluble than WT dystrophin but only the L54R mutation binds to actin filaments with 4-fold lower affinity. These data fit well with previous studies (22 and 23) identifying CH1 as the predominant actin-binding module in ABD1 of dystrophin. The L172H mutation, which causes the milder BMD, exhibits a similar propensity to aggregate as the L54R mutation but displayed near WT actin affinity for actin filaments. Perhaps the L54R mutation results in a more severe disease phenotype through the combined effects of protein aggregation and decreased actin-binding activity. In light of the limited characterization of rare patients bearing disease-causing missense mutations, we cannot exclude the possibility that pathogenesis may also be driven by premature degradation or toxic gain-of-function by misfolded or aggregated protein. Mutations in many muscle proteins result in protein aggregate myopathies (PAMs) where misfolded proteins resist degradation and aggregate resulting in impaired muscle function (34) . Further in vivo analysis is required to determine whether ABD1 missense mutant dystrophins also classify as PAMs.
Despite substantial thermodynamic instability and protein aggregation, disease-causing ABD1 mutants of dystrophin retained near WT affinity for actin filaments. A similar scenario has been observed for the Δ508F mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) (35) . The Δ508F CFTR mutation retains function, but is improperly processed leading to premature degradation of the protein rather than trafficking to the plasma membrane (35) . Pharmacological modulation of heat shock proteins by 4-phenylbutyrate was shown to increase the functional levels of the Δ508F CFTR protein in the plasma membrane (36) and trials are underway to examine how protein levels in CFTR patients can be increased by pharmacologically manipulating the folding and degradation pathway (35 and 36) . Based on our results, drugs that block protein aggregation may hold promise for the treatment of DMD patients carrying missense mutations in ABD1.
Finally, our CD spectroscopic analysis of WT full-length dystrophin speaks to the potential for structural heterogeneity within the rod domain. Several studies have reported that different spectrin repeats in the rod domain display widely varying thermal stabilities when characterized in isolation (32, (37) (38) (39) (40) (41) . These data have led to the suggestion that the dystrophin rod domain cannot function as a monolithic single unit (40) . However, our studies demonstrate that full-length dystrophin melted in a highly cooperative, one-step process (Fig. 2) . We conclude that the thermal stability of individual spectrin-like repeats is strongly influenced by neighboring sequences so that the entire protein functions as a single unit regardless of the different intrinsic stabilities of its isolated parts.
Materials and Methods
Site-directed mutagenesis-Disease-causing missense mutations (Fig. 1A and Fig. S1 ) were introduced into the first 1.2 kb of mouse dystrophin cDNA containing an amino-terminal FLAG tag in the pFastBac™ vector (Invitrogen) using overlapping primers in (Fig. S5) and the quick-change mutagenesis kit (Stratagene) following the manufacturer's instructions. Mutant full-length FLAG-dystrophin cDNAs were engineered into pFastBac™ vector by ligating the remaining 12.5 kb of the dystrophin cDNA into the vector containing the mutant 1.2 kb construct using a SpeI site common to the dystrophin sequence and pFastBac™.
Protein expression and purification-WT and mutant dystrophin proteins were expressed using the Bac-to-Bac Baculovirus System (Invitrogen) in Sf9 insect cells as previously described (42) . After verifying protein expression, P1 viruses were amplified and used to infect Sf9 cells at 1-L scale by Kinnakeet Biotechnology. WT and mutant proteins were purified by FLAG affinity chromatography (Sigma-Aldrich) and dialyzed against two changes of phosphatebuffered saline pH 7.5 (PBS). Proteins were concentrated using Amicon Ultra centrifuge-based cartridge concentrators (Millipore) and protein concentration determined with the BioRad D c Protein Assay using a BSA standard curve (BioRad).
Solubility assay-Purified protein was centrifuged at 100;000 × g for 25 min and the amount present in the supernatant and pelleted fractions was quantified by densitometric analysis of Coomassie blue-stained SDSpolyacrylamide gels. To measure protein solubility in live cells, Sf9 insect cells infected with baculoviruses encoding WT or mutant dystrophins were lysed and total protein levels were compared to protein remaining in the supernatant after centrifugation at 16;000 × g for 15 min. At least three experiments for each condition were averaged and compared to the WT values using student's t-test.
Circular dichroism measurements-WT and mutant full-length proteins were prepared for CD measurements in an identical fashion as all other experiments except 0.5% Triton X100 was omitted from the elution buffer. Proteins were centrifuged at 16;000 × g to remove large light scattering particles. CD spectra were acquired on a J-815 spectopolarimeter (JASCO Inc.) fitted with a Peltier temperature regulator. Spectrum for WT and mutant dystrophins were acquired from 260 nanometer (nm) to 200 nm at 20 ºC and at a range of concentrations between 0.5 and 0.2 mg∕mL at pH 7.5. The melt curves for full-length WT dystrophin and dystrophin mutants were collected by varying the temperature from 20 ºC to 85 ºC collecting a spectrum from 235 nm to 200 nm every 1°Celsius. Data from the 222 nm reading was fit by regression analysis in Sigma Plot (Systat Software, Inc.) using an equation for a two state unfolding model reported by Legardinier et al (32) .
Actin-binding assay-The binding of WT and mutant dystrophins to actin filaments was measured using a previously described high-speed cosedimentation assay (16) except that the actin concentration was varied between 0.2 μM and 15 μM around a fixed concentration of 0.5 μM dystrophin. Regression analysis was performed using Sigma Plot software using the equation Y ¼ B max ½X∕ðK d þ XÞ corresponding to one site saturation kinetics. F-actin binding in the presence of increasing NaCl concentration (100-700 mM) was also measured using the high-speed cosedimentation assay at a fixed concentration of 0.5 μM dystrophin and an actin concentration corresponding to WT or each mutant's measured Kd (dissociation constant K d ).
Actin depolymerization assay-WT or mutant dystrophins were incubated for 30 min with 2 μM pyrene-labeled actin (Cytoskeleton, Inc.) filaments at ratios of 1∶12 or 1∶24 dystrophin molecules bound per actin monomer. Actin filaments were induced to depolymerize by dilution below critical concentration in low salt buffer (G-buffer: 5 mM Tris pH 8.0, 0.2 mM CaCl 2 0.2 mM ATP and 0.5 mM DTT) and the fluorescence decay was monitored every minute for 30 min using a Gemini plate reader system (Molecular Devices). Fluorescence was normalized to initial fluorescent signal for each condition and plotted as a function of time.
